Resilient coastal protection requires adaptive management strategies that build with nature to maintain long-term sustainability. With increasing pressures on shorelines from urbanisation, industrial growth, sea-level rise and changing storm climates soft approaches to coastal management are implemented to support natural habitats and maintain healthy coastal ecosystems. The impact of a beach meganourishment along a frontage of interactive natural and engineered systems that incorporate soft and hard defences is explored. A coastal evolution model is applied to simulate the impact of different hypothetical mega-nourishment interventions to assess their impacts' over 3 shoreline management planning epochs: present-day (0e20 years), medium-term (20e50 years) and long-term (50e100 years). The impacts of the smaller interventions when appropriately positioned are found to be as effective as larger schemes, thus making them more cost-effective for present-day management. Over time the benefit from larger interventions becomes more noticeable, with multi-location schemes requiring a smaller initial nourishment to achieve at least the same benefit as that of a single-location scheme. While the longer-term impact of larger schemes reduces erosion across a frontage the short-term impact down drift of the scheme can lead to an increase in erosion as the natural sediment drift becomes interrupted. This research presents a transferable modelling tool to assess the impact of nourishment schemes for a variety of sedimentary shorelines and highlights both the positive and negative impact of beach meganourishment.
Introduction
Climate change and the associated rise in sea level are increasing the vulnerability of coastal communities and industries to flood and erosion risk globally (Nicholls et al., 2007) . Small scale frequent beach nourishment is a common practise in locations where beach loss is having a negative impact (Cooke et al., 2012) . However, management options that adapt with the natural environment are now used to build long-term resilience into new coastal schemes (Kuklicke and Demeritt, 2016 ). An innovative approach that uses natural processes to redistribute sediment from a meganourishment to adjacent beaches is currently being trialled along the Dutch coastline (de Schipper et al., 2016) . The approach is intended to create a resilient beach that evolves with changing coastal conditions over a 20-year period. To inform decision makers on the possible consequences of such an intervention in other locations, this research aims to assess the potential benefits and adverse impacts of different approaches to beach meganourishment. Management frameworks consider impacts on both the ecology of an environmental system and the socio-economic benefits (Schlacher et al., 2014) . This research considers the impacts in terms of erosion reduction and creation of beach width and sheltered water, thus informing management needs in relation to flood and erosion risk in addition to the creation of habitat and recreational space.
The dense population of coastlines worldwide puts people and infrastructure at risk of flooding and erosion over varied time and spatial scales. Population and industrial growth combined with the consequence of coastal climate change are increasing pressures on coastal habitats and ecosystems (Villatoro et al., 2014) . The use of dredged material is thus used where appropriate within harbours for habitat creation, e.g., within New Jersey Harbor, New York (Yozzo et al., 2004) . Such practise has been extended to the open coast, where coastal management strategies now consider new and ambitious 'advance the line' approaches that use marine aggregate to provide softer interventions that work with the natural environment to increase coastal resilience. Such approaches are intended to supplement existing management schemes to prolong their effective life span in addition to increasing protection in their immediate vicinity, providing economic and/or ecosystem benefits. However, their impact can be both positive (beach widening) and negative (inhibited sediment drift), thus modelling and monitoring studies are important to inform decisions associated with intervention design .
Shoreline management strategies often assess three time periods for the purposes of planning and resource allocation: presentday (Epoch 1, 0e20 years), medium-term (Epoch 2, 20e50 years) and long-term (Epoch 3, 50e100 years). Model simulations are used to explore how the size and position of a single-or multilocation mega-nourishment could evolve to support a coastal system comprising natural barriers and embankments, with seawalls in areas of critical infrastructure, over these epochs. The insight gained from this study site will have wider global impact as hard and soft engineered solutions are used in conjunction at many other locations to mitigate coastal erosion and promote healthy coastal environments (Perkins et al., 2015) . The varied impact of different mega-nourishment schemes is illustrated in the context of existing management strategies that vary along the frontage, defending to maintaining the shoreline position, as well as allowing for natural retreat.
The 'advance the line' management strategy termed 'meganourishment' or 'sandscaping', largely stems from the Dutch initiative 'De Zandmotor'; a 21.5 M m 3 sand mega-nourishment implemented so that natural wave energy and circulation will redistribute the sand, widening beaches over a 10e20 km stretch over a 20-year period (Stive et al., 2013) . The concomitant reduction in the frequency of beach nourishment from typical 3-to 5-year cycles, and the limitation of human intervention to a 128 ha (~1 km 2 ) area of shoreline, reduces the disturbance to the local ecosystem while providing benefits in addition to reduced flood and erosion risk, such as habitat creation and increased amenity for shoreline recreation. This approach has been successful along part of the southern Dutch coast, where a uniform sandy shoreline exists. Implementing a similar strategy for coastlines where the intrinsic dynamics and geomorphology are more complex (e.g., interacting systems of rock coastline, estuaries, sand dune systems, etc.) will require different designs and aggregate sizes (or combinations of aggregates) according to the environmental challenge being addressed (Bishop et al., 2006) . To explore the feasibility of mega-nourishment for a complex coast, such as in the UK (French et al., 2016) , the Coastal Evolution Model (CEM, Ashton and Murray, 2006a,b) is used calibrated to historic recession rates. The CEM is an exploratory model simulating alongshore sediment transport that can include engineered structures, allowing the exploration of shoreline change in response to alternative management strategies (Barkwith et al., 2014b) . Numerical models can be used as tools to provide scientific evidence in support of coastal flood and erosion risk management . Ensembles of simulations provide a data base of potential impacts capturing the uncertainties of softer management approaches to inform the decisions associated with the design of new coastal schemes. Examples include simulating the influence of vegetated foreshores on the wave loading of defences (Vuik et al., 2016) and of wetlands on reducing storm tide elevations (Smolders et al., 2015) . Here, exploratory modelling of a case study situated in the English Channel (Fig. 1 ) is used to identify the generic down-drift impact of 'mega-nourishment' due to wave driven gravel transport. The site is designated a Site of Scientific Special Interest (SSSI) for international geological and ecological interests, and also supports valuable infrastructure and assets (Maddrell, 1996) . This macrotidal location, with an approximately 6.7 m semidiurnal tidal range (Stupples, 2002) , experiences large storm surge conditions (Wadey et al., 2015) and a bimodal, bidirectional wave climate (Mason et al., 2009) (Fig. 1) . The largest waves exceed 5 m significant wave height with approximately 18 s peak period and come from the southwest (Figs. 1 and 2) . Coastal defences comprise a natural gravel barrier and earthen embankments (Prime et al., 2016) , supplemented with a seawall in areas of urban infrastructure (Fig. 1) . Despite the coastal protection, there is continuous threat of coastal flooding by extreme events (Long et al., 2006) . Since the 1960s periodic shingle recycling has been carried out to retain shingle along the frontage. However, the current policy option is 'no active intervention' where the natural barrier has formed. The potential erosion reduction offered by a range of hypothetical 'Gravel Engines' (Table 1) is explored and the increased coastal protection provided by these mega-nourishments across this frontage over the three shoreline management planning epochs evaluated.
The effectiveness of beach mega-nourishment options ranging in size, number and location (Table 1) are modelled over a 100-year period. The schemes represent novel management approaches to soft intervention that will have time-varying impact over the longterm. By using a simple coastline with multiple management strategies, which interact, this model application aims to identify the possible consequences (both positive and negative) of such an approach to coastal management to inform management decisions. The simulations suggest that a multi-location nourishment scheme provides greater reduction in erosion than a single meganourishment of larger size, although the combined impact is less than the sum of the impacts from each component when modelled in isolation. Over 20 years, consistent with the design life of De Zandmotor, smaller scale interventions are as efficient at reducing erosion as a mega-nourishment scheme, making them more costeffective over shorter management timeframes due to the lower implementation costs. Designing a nourishment scheme such that it works with the natural environment to maintain a high level of resilience ensures long-term costs associated with the intervention are minimised . The value of larger meganourishments is thus more likely to be appreciated beyond a 20-year timeframe.
In Section 2 details of the behavioural modelling approach are provided. The results are described in Section 3 and discussed in Section 4. The concluding remarks stating the benefits of varied approaches to beach mega-nourishment are given in Section 5.
Methods
A one-line coastal evolution model (CEM, Ashton and Murray, 2006a,b) has been adapted to investigate the potential evolution of a hypothetical gravel intervention along the Dungeness headland (Fig. 1) . The land-sea mask used to represent the headland was obtained from Lidar data collected in August 2014. The model, applied at a 100 m horizontal resolution, can be driven by the observed offshore wave climate (Ashton and Murray, 2006a,b) or a long-term offshore wave climatology to evolve the coastline. In Rye Bay (the southern shore of Dungeness, Fig. 1 ) a 1.8 km wave model of the English Channel and Southern North Sea was used to provide the local wave climate. The model applied was the 3rd generation spectral WAve Model (WAM, Komen et al., 1994) adapted for shallow water (Monbaliu et al., 2000) . The decadal model output ( Fig. 2) (Fig. 1 , highness ¼ 0.89, asymmetry ¼ 0.06) suggest there is underestimation of waves from the northeast. For application within the CEM, waves with an onshore (southerly) component only are used as the offshore boundary conditions, thus the model derived wave climate at Rye Bay is considered to be acceptable. Both datasets confirm the local wave climate is almost entirely asymmetrical and dominated by high angle waves (>45 ) relative to the shore. Subsequent wave transformation to breaking conditions follows linear wave theory (Hurst et al., 2015) .
Volumetric alongshore sediment transport Q s (m 3 s À1 ) driven by wave energy is calculated as a function of significant wave height H s (m) at the break line position (b) and the angle 4 (radians) between the breaking wave crest and the shoreline using the CERC equation (Ashton and Murray, 2006a; USACE, 1984) : Chadwick et al., 2005) . The CEM incorporates "wave shadowing", whereby sediment transport is neglected in a given grid cell if a shoreline protuberance directly prevents an incoming wave from reaching that grid cell Recurved spit positioned to the west 55 S2
Recurved spit positioned off centre towards the east 55 S3
Recurved spit positioned to the east 55 M Multi-location recurved spits located as in S1-S3 165 L Large recurved spit positioned off centre towards the east 270 (Ashton et al., 2001 ). For the current study this aspect of wave shadowing was extended to prevent land erosion within any shadowed region, allowing the recurved gravel spits to completely eliminate coastal erosion in the affected area. Although not required in this application the model can also account for the sediment supply and localised reduction in erosion rates by cliffs (Barkwith et al., 2014a,b) . It is emphasized that CEM is an exploratory, behavioural model derived from a complexity approach to the modelling of natural environments (Murray, 2007) . The model has an excellent track record of generating and explaining the variable morphologies of sandy coastlines in many parts of the world (e.g., Carolina (Ashton et al., 2001) , the UK (Barkwith et al., 2014a,b) , the Netherlands (Ashton et al., 2003) , Massachusetts, New Jersey, Ukraine, Alaska, Russia and Spain (Ashton et al., 2016) ). It draws its power from the ability to rapidly explore alternative scenarios that would otherwise be prohibitively computationally too expensive. In particular, the CEM does not consider elevation, tides or tidal currents. The model operates at coarse timescales, integrating sediment transport across the short-term timescales such as tidal cycles. By using nearshore wave observations or in this case a coupled wavecirculation model, the influence of the tides (and other shortterm processes) on the wave field is implicitly accounted for. In Rye Bay waves are considered the main driver for sediment transport as bedload due to the coarse grain sizes. At present the model does not permit spatially variable grain sizes such as those found in Dungeness, and all sediments are assumed to be transported using the CERC equation with an identical K value. Although this value has been chosen to be representative of Rye Bay, different sediment compositions could lead to faster or slower evolution rates than projected here. It is advised that a sensitivity analysis of the K value should be performed when assessing potential meganourishment schemes to determine the uncertainty in long-term evolution.
Six different scenarios are simulated with the CEM (Table 1) . A baseline scenario was simulated with only the current management policy being applied along the frontage between Rye Harbour and the power station site. Two stretches of the coastline, where there is critical infrastructure, are protected by reinforced (maintained) coastal defences (Fig. 1) , collectively covering approximately 5 km of the coastline, erosion is negated within these regions. Using this simulation the model was calibrated to the historic coastal erosion rate along the natural coastline of 1 m per year, approximated from Google Earth historic images. This approach is becoming more commonly used where there is a lack of spatial recession data as it provides a growing data set of annual shoreline photography (Boardman, 2016) . In all subsequent simulations additional gravel was introduced within the model grid cells to extend the beach in a similar manner to the Sand Engine in the Netherlands. Each simulation was run for 100 years.
Results
The hypothetical interventions (Table 1) are situated immediately down-drift of the western seawall and up-drift of the eastern maintained gravel and earthen barriers (Figs. 3e7) . The aim of these nourishments is to focus beach widening in front of the maintained defences, to reduce abrasive wave impact and scour risk, while also providing support to the adjacent naturally evolving barrier coastline, prolonging the defence effectiveness along the full frontage with minimal intervention. Scenarios S1, S2 and S3 are just less than half the area of the Dutch Zandmotor. After 5e10 years (Figs. 3e5) they evolve to form a sheltered intertidal lagoon and by 25 years the initial feature collapses and only a widened beach frontage remains. S1 (Fig. 3) is positioned close to the western seawall. Beach widening over the 100-year period is limited to in front of the seawall and the western edge of the natural barrier. S2 (Fig. 4) and S3 (Fig. 5) are positioned up-drift of the eastern maintained defences. S2 widens the beach along the natural frontage, but has limited impact in front of the maintained defences. S3 increases beach volume in the east, with reducing width increase towards the west across the natural frontage, but also supports the full length of the eastern maintained defences and the beach just beyond. When the interventions (S1, S2 and S3) Fig. 3 . Projected evolution of the Rye Bay shoreline for the region highlighted in Fig. 1 for the hypothetical intervention scenario S1, as described in Table 1. are combined to form a multi-location mega-nourishment, M, the three smaller features still disperse after c.25 years (Fig. 6 ), but the intertidal lagoons generated by the two recurved spits in the east persist, albeit they are relatively small. After approximately 5 years the eastern spits within this multi-location approach (Fig. 6 ) act to support each other, increasing the local reduction in erosion compared with their isolated impact (S2 and S3, Figs. 4 and 5, respectively). The single mega-nourishment, L, is positioned similarly to S2 to maximise the length of impacted shoreline (Fig. 7) . The recurved spit grows in the down-drift direction, forming a region of sheltered water, reconnecting with the coast after~50 years. The feature starts to dissipate after 100 years.
The impact of the hypothetical interventions is compared with the baseline scenario a combination of 'hold the line', maintaining the existing sections of maintained defences, and 'do nothing' in between the maintained defences along the evolving barrier and Fig. 4 . Projected evolution of the Rye Bay shoreline for the region highlighted in Fig. 1 for the hypothetical intervention scenario S2, as described in Table 1 . Fig. 5 . Projected evolution of the Rye Bay shoreline for the region highlighted in Fig. 1 for the hypothetical intervention scenario S3, as described in Table 1. immediately to either side of the maintained defences (Fig. 8) . During the first 25 years (Fig. 8a) due to the size of the interventions the natural alongshore sediment drift is inhibited. Although a large reduction in erosion (and in some cases prevention, e.g., L) occurs locally around the intervention, erosion is increased farther downdrift due to reduced sediment supply. Over a 25-year period (Fig. 8a) the erosion of the central frontage in scenario M is less than in S1 due to the sediment supply from the eastern interventions.
However, the increased erosion to the east of the eastern maintained defence section remains the same as in S3. Although beach widening occurs along the majority of the frontage under scenario L, the natural sediment drift to the east is inhibited, enhancing erosion either side of the eastern defence over both the 25-year and 100-year timeframes. Over the longer 100-year timeframe (Fig. 8b ) the extent of erosion reduction spreads eastward along the frontage, counteracting the initial acceleration in erosion as the features Fig. 6 . Projected evolution of the Rye Bay shoreline for the region highlighted in Fig. 1 for the hypothetical intervention scenario M, as described in Table 1 . Fig. 7 . Projected evolution of the Rye Bay shoreline for the region highlighted in Fig. 1 for the hypothetical intervention scenario L, as described in Table 1. dissipate. The position of S2 reduces erosion along the majority of the frontage, while S1 has minimal reduction compared with 'no additional intervention' (Fig. 8b) . The reduction in frontage erosion by M (~1/3 greater than the area of the Zandmotor) is greater than that generated by L (~twice the area of the Zandmotor), which is positioned in the most beneficial location of S2 (Fig. 8b) . The combined impact of all three spits in M reduces erosion across the full frontage over a 100-year period (Fig. 8b) . Although the large recurved spit (L) has a long-term impact reducing the area eroded, the maximum erosion rate towards the east is greater than that of the other interventions. With time the extent of accelerated erosion is reduced for the larger interventions, suggesting the greatest benefit from L is likely to occur beyond 100 years.
Over time (Fig. 8 ced) the impact of the interventions across the frontage is variable. Over present-day timescales (<20 years), equivalent to the design life of De Zandmotor, all of the interventions cause increased maximum erosion rates compared with the baseline (B) of 'no additional intervention'. However, all but the single recurved spit, positioned to the west (S1) reduce the area eroded. In the first 20 years there is little variability in the erosion reduction between all hypothetical interventions (S1, S2, S3, M and L) and the baseline simulation with 'no additional intervention' (B). The smaller interventions can achieve a similar benefit to that gained from the larger interventions if positioned appropriately, thus creating more cost-effective solutions over management epoch 1. A clear step change in maximum erosion rates occurs at~40 years for S3 and M (Fig. 8c) . This is attributed to the change in erosion down-drift of the eastern maintained defence. S3, alone and as a component of M, inhibits natural sediment drift initially, causing rapid erosion rates at the tip of the foreland (Fig. 8a) . Following the dispersion of the intervention (at 20 years) the local sediment supply slowly restores and after 40 years the thinning beach starts to diffuse beyond the maintained defences limiting erosion (Fig. 8b) . Over 100 years the multilocation intervention (M) generates greatest reduction in maximum erosion rates and area lost to erosion (Fig. 8 ced) .
Discussion
Coastal evolution varies over a range of spatial and temporal scales (Cowell and Thom, 1994; Stive et al., 2002) . The need for coastal models to inform decisions surrounding the design of nourishment schemes and assess their potential impacts has been identified as essential . Here, the time-varying impact of different approaches to beach mega-nourishment on a shoreline frontage for 3 management epochs is assessed. The modelling approach chosen is capable of simulating a range of coastal environments and clearly demonstrates both positive and negative impacts of beach mega-nourishment. From the results presented it is clear that in the short-term there is immediate benefit locally, while down drift of the intervention the coast can become sediment starved as the natural alongshore drift is inhibited. Over longer periods (>40 years) any increase in erosion rate down-drift starts to become mitigated as the alongshore drift is restored and enhanced with the redistribution of sediment from the nourishment.
These results have been analysed to show the change in maximum erosion rate and area eroded. The area of erosion enables analysis of the spatial impact of an intervention, whereas the maximum erosion rates are important to identify future areas of higher risk from erosion. The results presented show how the different hypothetical designs considered have variable influence on the area eroded, while the maximum rates only differ noticeably from the Baseline scenario (B) after the collapse of a nourishment feature when it is positioned close to the location of maximum erosion (e.g., S3 in this case positioned close to the eastern tip of the Dungeness foreland). For local management needs this model allows the (time-varying) alongshore extent of the impact, the position at which the maximum erosion rates occur and locations where erosion rates become accelerated, due to inhibited Table 1. alongshore sediment transport, to be identified. To gain confidence in these future projections it is, of course, necessary to assess the model capability against historic observations and current understanding of the local sediment movement.
For this case study the erosion rates in the baseline simulation increase towards the east. The closer a small intervention is to the location of maximum erosion the greater the impact on maximum shoreline retreat, but this does not necessarily relate to a reduced loss in coastal area. It is suggested that having minimal overlap with areas of maintained defence, which hold the line, enables greater reduction in the area of coast lost. For example, S2 (positioned between the maintained defences but towards the east where erosion rates are higher) has greatest impact reducing the loss of area, while S3 (in the most easterly position close to the maximum rates of erosion) has greatest impact at reducing the maximum rate of erosion. The most beneficial position will thus depend on the management need, either reducing a localised area of rapid erosion (e.g., in front of an asset) or having wide spread impact to reduce the frontage area lost (e.g., to protect habitat). The implementation of larger schemes increases the width of alongshore impact, reducing the need for such precise positioning and enabling both the maximum erosion rates and area lost to be reduced with time (within 20e50 years for M and L).
The simulations also allow projections of the life expectancy of the shallow water lagoons and barrier estuaries, as well as localised increase in beach volume, to assess the time-evolving environmental, ecological and societal benefits. This information, when combined with the costs of the initial new-build, flood and erosion event response and recovery, and defence maintenance, can then be used as the basis for cost-benefit analyses of alternative coastal planning options over different epochs. It therefore offers an important scoping tool to help managers explore the physical, ecological and socio-economic impacts when making decisions associated with new and ambitious approaches to coastal management adaptation.
Over time different costs are associated with coastal schemes (Firth et al., 2014) . Initially there is the build cost, which is followed by monitoring and maintenance costs (Jones et al., 2015) . The frequency of maintenance will vary over the life of a scheme due to long-term degradation and/or changing storm impact. Where beaches are nourished recharge is often on an annual or 2e3 year timescale. With a changing climate the nourishment frequency (Cooke et al., 2012) and the need for defence (Firth et al., 2014 ) is increasing. Hard engineered structures can be built and raised in response to changing conditions, but they are environmentally and financially unsustainable (Jones et al., 2015) . Mega-nourishment has the potential to maintain resilient beach levels as is evolves over time with the natural conditions, reducing wave impact on existing or new hard structures. However, the initial build cost will depend on the availability of large volumes of appropriate material. In locations where the appropriate material can be sourced this approach has the potential to be more cost-effective than hard engineering, with minimal maintenance costs as natural energy is used to redistribute the sediments. With beaches becoming squeezed softer interventions are also valuable in terms of socio economics (Cooke et al., 2012) and ecosystem services (Cooper, In Press) . With a low public 'willingness to pay' cost-effective solutions are required by local authorities, as found in the study area (Jones et al., 2015) . Thus there is a need to explore new alternative approaches to flood and erosion risk management that build with nature.
Conclusion
This study exemplifies the importance of exploratory modelling to understand the potential impact of human intervention on shoreline evolution and the consequences for down-drift ecosystems, habitats and infrastructure. Beach mega-nourishment is shown to limit alongshore sediment drift causing increased downdrift erosion over the short-term (<25 years), with the longer-term (>25 years) impact being mostly beneficial across the frontage or at least negligible. The effectiveness of the smaller schemes depends strongly on their positioning. The more extensive schemes, M and L, have more noticeable impact beyond 50 years and require a smaller initial nourishment if implemented at multiple locations, e.g., M. For present-day considerations (<20 years) there is little difference in the impact of the interventions, however, beyond 50 years there is clearer variability in impact. A smaller scheme is thus considered to be more cost-effective for management epoch 1 (<20 years), while larger schemes are considered more cost-effective for management epoch 3.
